Results show that RegCM3 reproduces the observed spatial structure of surface air temperature and precipitation well. Changes in mean temperature and precipitation in December-January-February (DJF) and June-July-August (JJA) during the middle and end of the 21st century are analyzed. Significant future warming is simulated by RegCM3. This warming becomes greater with time, and increased warming is simulated at high latitude and high altitude (Tibetan Plateau) areas. In the middle of the 21st century in DJF, a general increase of precipitation is found in most areas, except over the Tibetan Plateau. Precipitation changes in JJA show an increase over northwest China and a decrease over the Tibetan Plateau. There is a mixture of positive and negative changes in eastern China. The change pattern at the end of the century is generally consistent with that in mid century, except in some small areas, and the magnitude of change is usually larger. In addition, the simulation is compared with a previous simulation of the RegCM3 driven by a different global model, to address uncertainties of the projected climate change in China.
Significant warming has been observed globally, which is very likely because of the increase in anthropogenic concentration of greenhouse gases. By the end of the 21st century (2090-2099), the likely range of global temperature increase is projected to be 1.1-6.4°C (relative to [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [1] .
While atmosphere-ocean coupled general circulation models (AOGCMs) are the primary tools for climate change projections, they have deficiencies at the regional and local scale because of their coarse resolutions. High-resolution regional climate models (RCMs) have been developed [2] and are now widely used to downscale AOGCM information [3] . High-resolution climate scenarios are also important in satisfying a great demand from impact assessment studies at the regional and local scale.
High-resolution RCMs usually project different change patterns of precipitation compared to the driving general circulation model (GCM), because of their much stronger and more realistic topographic forcings [4] [5] [6] . Use of RCMs is particularly important for East Asia, because of its complex topography and unique weather and climate systems [3, 5, [7] [8] [9] [10] [11] [12] [13] .
We present results from a continuous climate change experiment for the period 1951-2100 at 25 km grid spacing over China, generated by an RCM (RegCM3; see below).
The analysis is focused on mean temperature and precipitation in December-January-February (DJF) and June-JulyAugust (JJA).
Model and experimental design
The RCM used in the present work is the Abdus Salam International Centre for Theoretical Physics (ICTP) Regional Climate Model version 3 (RegCM3), which is based on the model of Giorgi et al. [14, 15] and includes upgrades described by Pal et al. [16] . The horizontal grid spacing of RegCM3 is 25 km, and the model domain covers all of China and surrounding East Asia areas (Figure 1) . The model has a standard vertical configuration of 18 sigma layers, with model top at 10 hPa. Atmospheric radiation transfer in the model is computed using the radiation package from the National Center for Atmospheric Research Community Climate Model (NCAR CCM3) [17] , the ocean flux parameterization follows Zeng et al. [18] , and the planetary boundary layer computations use the non-local formulation of Holtslag et al. [19] . Resolvable-scale precipitation is represented by the scheme of Pal et al. [20] , and convective precipitation by the mass flux scheme of Grell [21] based on the Fritsch-Chappell closure assumption [22] . Surface processes are executed with the Biosphere-Atmosphere Transfer Scheme (BATS) [23] .
Model vegetation cover is obtained from the observed data of Liu et al. [24] within China, and from the satellite-based Global Land Cover Characterization (GLCC) database outside China. Initial and time evolving lateral boundary conditions at 6-hour intervals for temperature, surface pressure, wind (meridional and zonal components) and specific humidity are provided by CCSR/NIES/FRCGC MIROC3.2_hires simulations [25] [26, 27] .
The period of climate change simulation of RegCM3 is from 1948 to 2100, for a total of 153 years. The first three years are used for model spin-up, and are thus not included in the analysis. The period 1981-2000 is considered present day, and 2001-2100 is the future. The term "change" refers to the difference between the latter and former periods in the simulation. To the authors' knowledge, this is the first time that such a high-resolution RCM has been run consecutively over this long period and domain. To validate model performance, we used the observation dataset of surface air temperature developed by Xu et al. [28] (CN05), and of precipitation by Xie et al. [29] (Xie). Both datasets have a 0.5° latitude by 0.5° longitude resolution. To facilitate the analysis, model output and the observation dataset are interpolated to a common 0.25° latitude by 0.25° longitude grid.
Validation of present day simulation

Surface air temperature
The simulation of mean temperature for present day (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) by RegCM3 is first compared with observations. As shown in Figure 2 Differences between the model simulation and observations are usually within 1°C, except for a large warm bias of a few degrees in Northeast and Northwest China, and a general cold bias over the Tibetan Plateau. The warm bias at high latitude in the cold season is a typical model deficiency of RegCM3, even when driven by reanalysis [30] .
Similarly, the model reproduces the main features of temperature patterns and values in JJA. Biases are found in North China and the deserts of the Northwest (warm bias of 1-3°C), on the Tibetan Plateau and in the southern extreme of China (cold bias of 1-2°C). The spatial correlation coefficient between model simulation and observation is 0.95 and 0.98 in DJF and JJA, respectively. Figure 3 shows the distribution of observed and simulated precipitation in DJF and JJA. In DJF, observed precipitation maxima with values greater than 250 mm are located in southeastern areas. The precipitation decreases toward the north and west (Figure 3(a) ). In the RegCM3 simulation ( Figure 3(c) ), there is an overall pattern of a wetter south, and a drier north and northwest. However, the amount of precipitation in South China is underestimated, and two small-scale precipitation centers in the western and eastern parts of Southern China are simulated, instead of the one maximum from the observation. The model also overestimates precipitation in North China. Similar model discrepancies are evidenced when driven by reanalysis and a different GCM [30, 31] . The spatial correlation coefficient between model simulation and observation is 0.58 in DJF.
Precipitation
A higher correlation coefficient (0.82) between model simulation and observation is found in JJA. This improved seasonal performance is evident when comparing Figure 3 of the 21st century, from the RegCM3 simulation. Substantial warming is found in both seasons and periods. The warming is more pronounced at the end of the century, compared to the middle.
In the middle of the 21st century in DJF, greater warming is found in northern areas and over the Tibetan Plateau, compared to the south (Figure 4(a) ). The warming is least (less than 2.4°C) in Southwest China, and greatest (exceeding 4.2°C) in the southern Tibetan Plateau. The pattern of warming is similar at the end of the century in DJF compared to the middle, but with larger values. The minimum and maximum warming are also found in the Southwest and Tibetan Plateau, with values less than 4.2°C and greater than 7°C, respectively. Simulated increases in temperature elsewhere are between 4.5°C and 6.5°C (Figure 4(b) ). Regional mean temperature changes in the middle and end of the century in DJF are 3.1°C and 5.5°C, respectively.
In JJA, maximum warming greater than 4.2°C is found in areas extending from North China to most of the Northeast. Less than 2.4°C warming is simulated in South China. Warming over the Tibetan Plateau is within a medium range, between 2.7°C and 3.3°C (Figure 4(c) ). As in DJF, the warming pattern in JJA at the end of the century is similar to the middle, but has a much larger extent. For example, the warming in the central Northeast is as much as 7°C (Figure 4(d) ). Regional mean temperature changes in the middle and end of the 21st century in JJA are 3.0°C and 5.0°C, respectively. Figure 5 presents the regional mean temporal evolution of DJF, JJA and annual mean temperature changes (anomalies) over China during 1981-2100 (relative to 1981-2000). As seen in the figure, despite differences in spatial pattern, regional mean changes are similar. Warming trends during 2021-2100 for DJF, JJA, and annual mean are 0.61°C, 0.51°C and 0.53°C per decade, respectively.
Most global models tend to simulate greater warming in winter compared to summer over China [7, 9] . Observational studies also report greater warming during cold seasons [32] in recent decades. However, a warming of similar magnitude is simulated in DJF, JJA and annual mean here, as well as in another RegCM3 simulation but driven by a different general circulation model [31] . Further investigation is needed to better understand the mechanisms involved. The simulated warming speed is greater than most AOGCMs [33] . This is mostly because of the greater climate sensitivity of the driving MIROC3.2_hires, as compared to other CMIP3 models [34] . Figure 6 shows the percent change in DJF and JJA during the middle and end of the 21st century, simulated by RegCM3. As shown in Figure 6 (a), in DJF during mid century, there is a general increase, exceeding 10% over most areas. An increase up to 25% is found in parts of Northeast, Northwest, and North China. Precipitation reductions from 10% to 50% dominate the Tibetan Plateau, and these are also found in Western Yunnan Province and part of the Sichuan Basin. The change pattern at the end of the 21st century ( Figure 6(b) ) shows agreement with that in the middle. However, the increase in North China tends to be greater, and a broader area of decreased precipitation is evident south of the Yangtze River. Regional mean precipitation changes in the middle and end of the century in DJF are 11.3% and 8.4%, respectively.
The pattern of precipitation change in JJA in mid century ( Figure 6(c) ) shows a similar dipole structure as in DJF over western China, characterized by an increase over the Northwest and decrease over the Tibetan Plateau. A see-saw pattern of changes is found in eastern China, from the Northeast toward the southern coasts. The precipitation change patterns at the end of the century resemble those in the middle, but with larger increases over the region ( Figure  6(d) ). The simulation produces a slight increase (0.59%) of regional mean precipitation in mid century, and a 4.3% increase at the end. Figure 7 presents the regional mean temporal evolution of DJF, JJA and annual mean precipitation changes during 1981-2100, relative to 1981-2000. Large interannual variability is shown in the figure, especially for DJF. The linear trends of the changes during 2021-2100 are 0.61%, 0.71% and 1.32% per decade for DJF, JJA, and annual mean, respectively.
Comparison with a different RegCM3 simulation
A high-resolution climate change simulation has been done previously with RegCM3, but driven by a different global model-FvGCM/CCM3 [31] . This RegCM3 variation used a similar resolution and model domain, but a different emission scenario (A2) with greater greenhouse gas concentrations. However, the two simulations can be roughly compared to each other, because of the greater climate sensitivity of the driving MIROC3.2_hires [34] . The common periods 1961-1990 for present day, and 2071-2100 for the future, were selected for the intercomparison. We focus on precipitation changes only. Inter-model agreement between simulations of driving GCMs and of the nested RegCM3s are shown in Figure 8 .
From the figure, the two GCMs projected the same precipitation increase at mid and high latitudes in DJF, which agrees with a projected increase of intense snowfall [35] . A similar precipitation increase is found at mid and high latitudes in the multi-CMIP3 model mean analysis, although a decrease is found at low latitudes [11] . The two GCMs agree on precipitation increases in JJA and in the annual mean, which is also consistent with the multi-CMIP3 model mean [11] . Comparing Figure 8(a) and (b) , we see that the agreement of the two RegCM3 simulations is generally similar to that of the driving GCMs, except for the decrease over the Tibetan Plateau. In JJA, the RegCM3 simulations are consistent with an increase in Northwest China, and a decrease over the Tibetan Plateau and Southwest China. However, there is little agreement on the change over Eastern China, where a monsoon climate dominates. The two simulations project opposing change patterns over this area, mostly because of stronger topographic forcings in the RegCM3, which amplify slight differences in the GCM circulation changes, generating large uncertainty in projecting precipitation change in JJA over eastern China (further analysis will be presented in a separate paper). However, as shown in Figure 8(f) , there is generally good agreement in the annual mean changes, characterized by a consistent decrease over the Tibetan Plateau and in Southwest China, and an increase in most other locations.
Discussion and conclusion
A 150-year transient climate change simulation, from 1951-2100, was conducted over East Asia using the regional climate model RegCM3 at 25 km grid spacing. The model was driven by the MIROC3.2_hires GCM, under the IPCC SRES A1B scenario. Our focus was on the simulation of temperature and precipitation and their changes during DJF and JJA. We first evaluated the performance of the RegCM3 model by comparing its simulation against observations. We found that RegCM3 can reasonably reproduce mean surface air temperature and precipitation in DJF and JJA over China, especially so for monsoon precipitation in JJA. We then analyzed the simulated future changes over China, finding:
(1) Substantial warming in both DJF and JJA were simulated over the region. The warming becomes more significant with time during the 21st century. A greater warming in DJF was simulated over the Tibetan Plateau. In JJA, areas with greater warming extend from North China to the Northeast. Similar warming patterns in DJF and JJA were found in both the middle and end of the century.
(2) Regional mean precipitation changes show a slight increase in both DJF and JJA. The spatial distribution of the changes in the middle and end of the 21st century are generally consistent over the region, for both seasons. In DJF, increased precipitation was found in northern areas (North, Northeast and Northwest China), and a decrease over the Tibetan Plateau and southern China. A similar change pattern was evidenced across western China in JJA and DJF. A see-saw change pattern was produced across eastern China.
(3) Comparison was made to a previous RegCM3 simulation, driven by a different GCM. Although the two GCMs show generally consistent precipitation changes over China, the RegCM3 simulations showed differences from the GCMs, in both DJF and JJA. Furthermore, poor agreement was found in the RegCM3 simulation in JJA over eastern China, demonstrating large uncertainties in projecting future precipitation changes. Multi-model ensembles of climate change simulations represent important methods [36] . They should be further conducted for better understanding and reduction of these uncertainties, and for achieving more scientifically robust and valuable conclusions in the projection of future regional climate change.
Because of the limited scope of this paper, we focused only on mean temperature and precipitation in DJF and JJA. Future work will include in-depth analysis of the model results; for example, changes in variability and extremes, as well as comparison of the RegCM3 simulations with the driving MIROC3.2_hires. Finally, data are available for impact studies that address 21st-century climate change impacts on agriculture, water resources, ecosystems, and other sectors in China. 
